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We present a composite scotogenic model for neutrino masses, which are generated via loops
of Z2–odd composite scalars. We considered three different approaches to the couplings of the
neutrinos (including three right-handed singlets) and the composite sector: ETC-like four-fermion
interactions, fundamental partial compositeness and fermion partial compositeness. In all cases,
the model can feature sizeable couplings and remain viable with respect to various experimental
constraints if the three Z2-odd right-handed neutrinos have masses between the TeV and the Planck
scales. Additionally, the lightest Z2-odd composite scalar can play the role of Dark Matter, either
via thermal freeze-out or as an asymmetric relic. This mechanism can be featured in a variety
of models based on vacuum misalignment. For concreteness, we demonstrate it in a composite
two-Higgs scheme based on SU(6)/Sp(6).
I. INTRODUCTION
In the Standard Model (SM) of particle physics,
the masses of fermionic matter fields are generated
via renormalizable couplings to the Higgs field, named
Yukawa couplings. They present a hierarchical struc-
ture, connected with the very different masses observed
in the charged fermions. Nevertheless, the only neu-
tral fermions, neutrinos, have masses that are several
orders of magnitude smaller than those of the charged
fermions. In the early realizations of the Yukawa cou-
plings [1], they were even thought to be massless, until
the discovery of oscillations [2] convinced the scientific
community that they must carry a mass, although very
small. The simplest solution to this puzzle is the see-saw
mechanism [3–5], based on the existence of very heavy
new states that couple to neutrinos and the Higgs bo-
son via large couplings. This requires a typical new scale
Λsee−saw ≈ 1012 GeV.
A more mysterious missing piece in our understanding
of the Universe is the presence of Dark Matter (DM): no
particle in the SM can account for it, while it constitutes
85% of the total mass today. One of the attempts to
put together the smallness of neutrino masses and the
presence of DM is the so-called radiative see-saw or sco-
togenic model [6]. Here, neutrino masses vanish at tree
level, like in the original formulation of the SM. They are
generated at one-loop level via a coupling to a second
Higgs doublet and right-handed neutrinos that are odd
under an exact Z2 symmetry of the model. Because of
the latter, the lightest one of the two will be stable and
play the role of a particle DM candidate.
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In this work, we explore the possibility of realizing
the one-loop radiative seesaw mechanism in a composite
multi-Higgs scheme, where all the scalars are generated
by the condensation of a confining new strong force at
the TeV scale. The main scope of compositeness is, in
this case, to dynamically generate the electroweak sym-
metry breaking (EWSB), thus alleviating the naturalness
problem in the Higgs sector. It is well established that
composite Higgs scenarios have difficulty in generating
large effective Yukawa couplings [7–9], for which a phase
of near-conformal dynamics or walking [10] is needed. In
turn, it is also difficult to generate the large hierarchy
between neutrino masses and the top mass, which should
be due to very different behaviours of the responsible op-
erators during the walking phase. Previous work on com-
positeness for neutrinos can be found in Refs [11–14]. Re-
alizing the one-loop see-saw mechanism could, therefore,
help composite models to generate a viable fermion mass
spectrum. As already mentioned, the main ingredient is
the presence of two Higgs doublets (2HDs), one of which
protected by a discrete symmetry. Both are assumed to
arise as pseudo-Nambu-Goldstone bosons (pNGBs) from
the spontaneous breaking of the global symmetry of the
confining sector. As such, this mechanism can be applied
to a variety of models based on strong dynamics: “Com-
posite (Goldstone) Higgs” (CH) [15], “partially Compos-
ite Higgs” (pCH) [16–19], “Little Higgs” [20, 21], “holo-
graphic extra dimensions” [22, 23], “Twin Higgs” [24–27]
and “elementary Goldstone Higgs models” [28, 29].
We start with a model containing two composite Higgs
doublets H and η that are, respectively, even and odd
under a discrete Z2 symmetry. The Higgs doublet H is
identified with the SM one, where its neutral component,
H0, develops the electroweak (EW) vacuum expectation
value (VEV). The small masses of the left-handed neutri-
nos are generated by a one-loop radiative seesaw mech-
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2FIG. 1. One-loop radiative Majorana neutrino mass in the
scotogenic model proposed in Ref. [6].
anism with the neutral component of η and three new
right-handed neutrinos, NR,i, running in a loop as shown
in Fig. 1. By demanding that the three right-handed neu-
trinos (SM gauge singlets) transform as NR,i → −NR,i
under the same Z2, while all the other fermions are even,
implies that only H couples to the charged fermions,
while η couples only to the neutrinos. The composite
Higgs-Yukawa (HY) couplings are generated via effective
operators involving the elementary SM fermions and the
composite Higgs doublets. The size of each coupling will
depend on the scaling dimension of the operator gener-
ating them, and could be of order unity for the top and
suppressed by an Ultra-Violet (UV) scale for the other
fermions. The mass hierarchy mt/mν & 1012 is thus gen-
erated with alleviated fine-tuning by a one-loop radiative
seesaw mechanism similar to that in Ref. [6].
For concreteness, we consider a minimal compos-
ite 2HD model fulfilling the above requirements, the
SU(6)/Sp(6) model of Refs [30, 31]. Our choice is be-
stowed on this coset because it can be easily generated
in a simple gauge-fermion underlying theory [9]. Other
composite 2HD models were discussed, for instance, in
Refs [32–37]. For our template model, we will investi-
gate three different approaches to generate the HY effec-
tive operators: (i) “Extended Technicolor” (ETC)-type
four-fermion operators, (ii) “Fundamental Partial Com-
positeness”, and (iii) “Partial Compositeness”. These
three approaches can give rise to sizeable HY coupling
constants, while the right-handed neutrino masses are
allowed to range from the scale of the lightest Z2-odd
composite particle (∼TeV scale) to the Planck scale.
Thus, the model dynamically generates the hierarchy be-
tween the EW scale and the left-handed neutrino masses,
the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing
of the neutrinos and simultaneously alleviates the hier-
archy problem of the EWSB.
Finally, we will investigate the experimental con-
straints for these three approaches from lepton flavour
violating processes, the h → γγ decay, the electroweak
precision tests, gauge boson decay widths, and the DM
relic density. The lightest of the Z2-odd composite scalars
may provide a viable (a)symmetric dark matter candi-
date [31].
II. COMPOSITE TWO-HIGGS DOUBLET
MODELS WITH Z2 SYMMETRY
We presently focus on CH models with misalign-
ment based on an underlying gauge description of
strongly interacting fermions (techni-fermions). The
possible chiral symmetry breaking patterns in these
CH models are discussed in Refs. [38, 39], and we
note the following minimal cosets with a Higgs can-
didate and custodial symmetry: SU(4)/Sp(4) [40],
SU(5)/SO(5) [41], SU(6)/Sp(6) [30], SU(6)/SO(6) [36],
and SU(4)×SU(4)/SU(4) [34]. Two composite Higgs dou-
blets and a Z2 symmetry are present in the three latter
cases [30, 35, 36], where the coset SU(6)/Sp(6) gener-
ates the minimal number of pNGBs that simultaneously
fulfils our requirements. This kind of model may also
provide (a)symmetric dark matter candidates [31]. Note
that our proposal is rather general because the above re-
quirements can also be fulfilled in other realisations that
do not have a simple gauge-fermion underlying descrip-
tion, e.g. the models in Ref. [32, 33], and they can also
be fulfilled in fundamental realisations as in Ref. [6].
We remind the reader that Higgs naturalness is
achieved in CH models as the EW scale is generated dy-
namically via condensation of a strong force, while vac-
uum misalignment [8, 42] ensures that the pNGB Higgs
is lighter than the compositeness scale and has SM-like
couplings. The underlying model consists of Nf Weyl
techni-fermions charged under a new strongly interact-
ing “hyper-color” gauge group GHC. The choice of either
real, pseudo-real or a complex representation determines
the symmetry breaking pattern of the global symmetry
G → H. Finally, the techni-fermions are charged under
the EW symmetry so that SU(2)L × U(1)Y is contained
in H when the vacuum is aligned to the Ew preserving
direction.
This particular alignment, however, may not stable be-
cause of the presence of explicit breaking of G in the form
of gauge interactions, fermion couplings (leading to the
HY terms) and explicit masses for the techni-fermions.
This is the minimal set required for having a realistic
models, even though additional breaking terms may be
generated from the UV completion of the model. All
in all, these terms generate a potential for the pNGBs,
which thus determines the ultimate alignment of the vac-
uum: while the EW gauging and techni-fermions masses
typically tend to preserve the EW-preserving direction,
the top couplings are identified as the dynamical source
for the EWSB. The alignment of the vacuum, therefore,
is moved away from the EW preserving one by an an-
gle sin θ = vEW/(2
√
2f) [15], where vEW = 246 GeV
and f is the decay constant of the pNGBs depending
on the confinement of the underlying strong dynamics.
From electroweak precision measurements [43, 44] this
angle generically needs to be sin θ . 0.2, which also fixes
2
√
2f & 1.2 TeV. However, lower compositeness scales
may be allowed in specific cases [45, 46].
In general, the large ass hierarchy between the top
3GHC SU(2)L U(1)Y Z2
Ψ1 ≡ (ψ1, ψ2)T   0 +1
ψ3  1 −1/2 +1
ψ4  1 +1/2 +1
Ψ2 ≡ (ψ5, ψ6)T   0 −1
NR,i 1  0 −1
TABLE I. The techni-fermions and the right-handed neutri-
nos in the SU(6)/Sp(6) template model labelled with their
representations of GHC × SU(2)L × U(1)Y and parity under
the Z2 symmetry. The index i = 1, 2, 3 represents the gener-
ation number of the neutrinos.
quark and neutrinos may be generated in two ways: via
very small neutrino couplings with respect to the top
ones, or using highly hierarchical VEVs for the 2HDs. In
the following, we assume that the vacuum is only mis-
aligned along the SM Higgs direction, while the second
Higgs doublet remains inert. This configuration can be
stable once the fermion couplings are properly chosen,
i.e. the charged fermions couple to the first doublet only
while neutrinos couple to the inert doublet and right-
handed neutrinos. Majorana masses for the left-handed
neutrinos are generated from a one-loop radiative see-
saw mechanism with the Feynman diagram in FIG. 1.
The coset structure can be schematically represented by
a Nf ×Nf matrix,
 G0/H0 Z2–oddpNGBsZ2–odd
pNGBs
Z2–even
pNGBs
 , (1)
where G0/H0 is one of the two minimal cosets
SU(4)/Sp(4) or SU(5)/SO(5), with one composite Higgs
doublet. The Z2 symmetry can be understood in terms of
the underlying techni-fermions ψi, i = 1, . . . Nf , that con-
dense: ψ5,...Nf are Z2–odd while the techni-fermions that
participate to the minimal coset are Z2–even. Among
the Z2–odd pNGBs must be contained the Z2–odd Higgs
doublet η.
III. A CONCRETE COMPOSITE 2HDM
In the following, we focus on the SU(6)/Sp(6)
model [30] as a template for this mechanism. We as-
sume four Weyl fermions are arranged in SU(2)L dou-
blets, Ψ1 ≡ (ψ1, ψ2)T and Ψ2 ≡ (ψ5, ψ6)T , and two in
SU(2)L singlets, ψ3,4, with hypercharges ∓1/2. In addi-
tion, we add three Z2–odd right-handed neutrinos, NR,i,
which are SM gauge singlets. We have listed in Table I
the representations of the gauge groups and parity of
these fermions.
EW vacuum
(θ = 0)
CH vacuum
(θ 6= 0)
G0/H0
H = (2, 1/2)+
χ = (1, 0)+
h, z0, w±
χ
Z2–odd
pNGBs
η = (2, 1/2)−
∆ = (3, 0)−
ϕ0 = (1, 0)−
Re η0, Im η0 η±
∆0, ∆±
ϕ0
Z2–even
pNGBs
η′ = (1, 0)+ η′
TABLE II. The pNGBs in the template SU(6)/Sp(6) model
in the EW-preserving alignment, characterized by their
(SU(2)L,U(1)Y)Z2 quantum numbers, and in the CH vacuum.
Note that H = (w+, (h + iz0)/
√
2)T , where w±, z0 are the
Goldstones eaten by the W± and Z bosons.
A. The condensate and pNGBs
The required symmetry breaking pattern can be
achieved if the techni-fermions are in a pseudo-real rep-
resentation of the confining group: this can be min-
imally achieved for GHC = SU(2)HC or Sp(2N)HC,
with fermions in the fundamental. The six Weyl
fermions can be arranged into an SU(6) vector Ψ ≡
(ψ1, ψ2, ψ3, ψ4, ψ5, ψ6)T . They form an anti-symmetric
condensate in the form
〈ΨIα,aΨJβ,b〉αβab ∼ ΦIJCH, (2)
where α, β are spinor indices, a, b are HC indices, and I, J
are flavour indices. In the following, we will suppress the
contractions of these indices for simplicity. A condensa-
tion in this operator visibly breaks SU(6) → Sp(6) via
an anti-symmetric tensor.
The CH vacuum of the model, giving rise to the EW
VEV of H0 by misalignment, can be written as [40]
ΦCH =
 iσ2cθ 12sθ 0−12sθ −iσ2cθ 0
0 0 iσ2
 , (3)
where from now on we use the definitions sx ≡ sinx,
cx ≡ cosx and tx ≡ tanx.
The chiral symmetry breaking results in 14 pNGBs,
pia with a = 1, ..., 14, corresponding to the broken gen-
erators, Xa. Here we will work in the basis where the
pNGBs are defined around the stable vacuum, so that
none will be allowed to develop a VEV. Thus, we param-
eterize them as as Σ = exp[ipiaXa/f ] ΦCH, where f is
their decay constant f . The preserved Z2 symmetry can
be written in terms of the following SU(6) matrix:
P = Diag(1, 1, 1, 1,−1,−1). (4)
A classification of the 14 pNGBs is provided in Table II
together with their parity assignment. We also provide
the EW quantum numbers, which are only well defined in
4the EW-preserving vacuum θ = 0. The Z2–odd pNGBs
are, therefore, the second doublet η, a triplet ∆ and a
singlet ϕ0. The right-handed neutrinos will inherit an
odd charge via their couplings to the strong sector, as we
will illustrate below.
B. The chiral Lagrangian and the effective
potential
In terms of the sixplet of Weyl spinors, Ψ, the under-
lying fermionic Lagrangian can be written as
Lferm. = Ψ†iγµDµΨ− 1
2
(
ΨTMΨΨ + h.c.
)
+ δL , (5)
where the covariant derivatives include the GHC glu-
ons and the SU(2)L and U(1)Y gauge bosons. The
mass term consists of 3 independent masses for
the doublets and singlets techni-fermions, MΨ =
Diag(im1σ2,−im2σ2, im3σ2). Note that for m1 =
m2 = m3, the mass matrix is proportional to the EW-
preserving vacuum in Eq. (3) with θ = 0: this is not
by chance, as it is indeed the techni-fermion masses that
determine the signs in the vacuum structure [9]. The
additional terms in δL are interactions responsible for
generating masses for the SM fermions in the condensed
phase, and we will illustrate their possible form in the
following.
Below the condensation scale ΛHC ∼ 4pif , Eq. (5)
needs to be replaced by an effective Lagrangian:
Leff = Lkin − Veff , (6)
where Lkin is the usual leading order (O(p2)) chiral La-
grangian [9]. Besides providing kinetic terms and self-
interactions for the pNGBs, it will induce masses for the
EW gauge bosons and their couplings with the pNGBs
(including the SM Higgs),
m2W = 2g
2
W f
2s2θ, m
2
Z = m
2
W /c
2
θW , (7)
ghWW =
√
2g2W fsθcθ = g
SM
hWW cθ, ghZZ = ghWW /c
2
θW ,
where vEW ≡ 2
√
2fsθ = 246 GeV, gW is the weak gauge
coupling, and θW is the Weinberg angle. The vacuum
misalignment angle θ parametrizes the corrections to the
Higgs couplings to the EW gauge bosons and is con-
strained by LHC data [47]. This would require a small θ
(sθ . 0.3), however an even smaller value is needed by
the electroweak precision measurements (sθ . 0.2), as we
will explain in Section V.
The value of θ, and the amount of misalignment, is
controlled by the effective potential Veff , which receives
contributions from the EW gauge interactions, the SM
fermion couplings to the strong sector and the vector-
like masses of the techni-fermions. At leading order, each
source of symmetry breaking contributes independently
to the effective potential in Eq. (6):
Veff = Vtop + Vgauge + Vm + . . . (8)
where the dots are left to indicate the presence of mixed
terms at higher orders, or the effect of additional UV op-
erators. In this work, we will write the effective potential
in terms of effective operators, which contain insertions
of spurions that correspond to the symmetry breaking
couplings. A complete classification of such operators,
for this kind of cosets, up to next-to-leading order can be
found in [48].
Both the contribution of gauge interactions and of the
techni-fermion masses arise to leading O(p2) order and
have a standard form:
Vgauge,p2
= Cgf
4
3∑
i=1
g2WTr[T
i
LΣT
iT
L Σ
†] + g2Y Tr[T
3
RΣT
3T
R Σ
†]
= −Cgf4
(
3gW + g
2
Y
2
c2θ −
3g2W
2
+ . . .
)
,
(9)
where TL/R are the gauged generators embedded in the
global SU(6), while
Vm = −2piZf3Tr[MΨΣ†] + h.c. (10)
Here, Cg and Z are form factors that can be computed
on the lattice [49]. Both these terms prefer the vacuum
aligned with the EW-preserving direction, so that EWSB
is crucially related to the SM fermion mass generation,
or more specifically the top quark.
Top quark mass: Generating a large enough mass for
the top quark is a well-known hurdle for all CH models [7–
9]. The most traditional approach consists in adding bi-
linear couplings of the top quark fields to the strong sec-
tor, in the form of four-fermion interactions generated
by a gauge extension of the condensing gauge symme-
try, “Extended Technicolor” (ETC) [50]. The main issue
with this approach is the fact that the ETC scale needs
to be low, thus also generating dangerous flavour chang-
ing neutral currents (FCNCs). An alternative approach,
revived in the holographic model, is that of “Partial Com-
positeness” (PC) proposed in Ref. [51], where the top
quark features a linear coupling to the strong sector. This
helps avoiding FCNCs and generating a large top mass
via enhancement from large anomalous dimensions of the
fermionic operators the top couples to.
In the underlying gauge-fermion model we consider
here, the PC operators require the extension of the model
in Table I by a new specie of fermions χt, transform-
ing under the two-index anti-symmetric representation
of GHC = Sp(2N)HC, and carrying appropriate quantum
numbers under the SM gauge symmetry. For the top,
it is enough to introduce a vector-like pair with hyper-
charge +2/3 and transforming as a fundamental of QCD.
Models of this type were first proposed in Refs [52, 53],
where our model is an extension of the one in Ref. [52].
The four-fermion interactions generating PC operators
can have various forms. In this work, we will be interested
5specifically on the following ones:
y˜L
Λ2t
Qα†L (Ψ
†PαQΨ
∗χ†t) +
y˜R
Λ2t
tc†R (Ψ
†PtΨχ
†
t) + h.c., (11)
where PQ and Pt are spurions that project-out specific
combination of the flavour components in the sextplet Ψ.
By choice, for the left-handed top the spurions transform
as the symmetric representation of the chiral symmetry
SU(6), while for the right-handed top the spurion trans-
forms the adjoint representation. Moreover, we will im-
pose that only the Z2–even techni-fermions couple to the
top fields, so that this parity remains preserved. 1 Con-
cretely, the left-handed spurions are given by the matrices
P 1Q,ij =
1√
2
(δi1δj3 + δi3δj1), P
2
Q,ij =
1√
2
(δi2δj3 + δi3δj2),
while the right-handed spurion has three components,
which can be written as
Pt = AtP
1
t +BtP
2
t + CtP
3
t ,
where
P 1t =
1√
2
Diag(0, 0, 1,−1, 0, 0),
P 2t =
1
2
Diag(1, 1,−1,−1, 0, 0),
P 3t =
1
2
√
3
Diag(1, 1, 1, 1,−2,−2).
These PC operators also generate the contributions, Vtop,
to the Higgs potential in Eq. (8). The choice for these
specific spurions will be clear when discussing the specific
form of the potential.
Upon techni-fermion condensation, the couplings in
Eq. (11) generate linear mixing of the top spinors with
the baryons (i.e. spin-1/2 resonances) associated to the
operators made of techni-fermions. We will estimate
the effect of such couplings by constructing operators in
terms of the spurions, following Ref. [48]. The operator
generating the top mass reads:
Ltop = CtyLyRf
4pi
(QLt
c
R)
†Tr[PαQΣPt] + h.c., (12)
where Ct is an O(1) form-factor, while yL/R are related
to the couplings y˜L/R via the anomalous dimensions of
the fermionic operators, and are expected to be O(1) for
the top.
The choice of spurions we did here is motivated by the
fact that, at leading order in the chiral expansion, only
the right-handed top spurion contributes to the potential:
Vtop,p2 =
CRf
4
4pi
y2RTr[P
†
t ΣP
T
t Σ
†], (13)
1 The Z2 may be broken by additional UV operators.
while a y2L potential term is not allowed if the symmet-
ric representation is chosen for the left-handed top. We
further fix the components of Pt as follows:
At = 1, Bt = − 1√
2
, Ct = αe
iδ, (14)
such that the leading order operator does not depend on
the misalignment angle θ. With this choice, the misalign-
ment angle is determined by next-to-leading order terms
in the top, which are small enough to keep the Higgs mass
naturally close to the experimental value [48]. With this
assumption, from Eq. (12) the mass and the HY coupling
constant of the top quark are
mt =
CtvEW
8
√
2pi
yLyR, yhtt¯ =
mt
vEW
cθ, (15)
where the top-HY coupling is SM-like for cθ ∼ 1.
NLO potential and the Higgs mass: At next-to-
leading order, may operators contribute to the poten-
tial [48]. In order to give a simple result, we will assume
here that only double-trace operators are relevant, given
by the following two terms:
Vtop,p4
=
CLLf
4
(4pi)2
y4L
2∑
α,β=1
Tr[PαQΣ
†P βQΣ
†]Tr[P †Q,αΣP
†
Q,βΣ]
+
CLRf
4
(4pi)2
y2Ly
2
R
2∑
α=1
Tr[PαQΣ
†PTt ]Tr[ΣP
†
Q,αP
†
t ]
=
f4
(4pi)2
(
CLLy
4
Ls
4
θ + CLRy
2
Ly
2
Rs
2
θ + . . .
)
,
(16)
which contribute to the vacuum misalignment, because
these terms depend on θ. Now, we have introduced the
LO and NLO potential terms to the top potential Vtop =
Vtop,p2 + Vtop,p4 + . . . in Eq. (8).
By minimizing the potential in Eq. (8), we can fix the
techni-fermion mass term as a function of the misalign-
ment angle as follows:
Zm¯ = −
(
8pi2Cg g˜
2 + 2CLLy
4
Ls
2
θ + CLRy
2
Ly
2
R
)
fcθ
64pi3
, (17)
where m¯ ≡ m1 + m2 and g˜2 ≡ 3g2W + g2Y . Typically,
CLR < 0 while the other form facrors Ct,g,R,LL > 0 in
order to stabilize the vacuum for θ 6= 0. From the total
effective potential in Eq. (8) and the above vacuum mis-
alignment condition, the physical SM Higgs, h, obtains a
mass:
m2h =
v2EW
512pi2
[
(1 + 3c2θ)CLLy
4
L − CLRy2Ly2R
− 8pi2Cg g˜2
]
,
(18)
The other pNGBs, including the components of the
inert doublet η, will also receive a mass from the leading
order operators, proportional to CR.
6C. Neutrino Yukawa coupling constants
Having discussed the top mass generation, we are
now ready to introduce the couplings responsible for
generating masses for neutrinos. The other charged
fermions, lighter than the top, have minor effect on
the Higgs physics, and do not spoil the scotogenic
mechanism as long as they decouple from the inert Higgs
doublet. Here we will consider three different approaches.
(i) ETC-type four-fermion operators: Firstly we
add four-fermion operators like those in Ref. [54], bilin-
ear in the techni-fermions, which could arise from the ex-
change of heavy scalar multiplets or from heavy vectors
as in ETC models [50]. These operators are the anal-
ogous to the four-fermion interactions used in Ref. [55]
and, in our model, can be written as
−y
ij
ν
Λ2ν
(LL,iN
c
R,j)
†
α(Ψ
α
2ψ3) + h.c., (19)
where it is assumed the Yukawa couplings yijν ∼ O(1),
and Λν > ΛHC is the energy scale where such inter-
actions are generated. We will leave this part unspec-
ified. The techni-fermion bilinear Ψα2ψ3 transforms as
the Higgs doublet η.
Upon condensation, the above coupling generates the
operator:
−hijf(LL,iN cR,j)†αTr[Pαη Σ] + h.c. (20)
with the couplings hij ≡ 4piNA(ΛHC/Λν)2yijν [56] where
A is an integration constant arising from the condensa-
tion and N is the number of hyper-colors. Here, Pαη are
projectors that extract the η component of the pNGB
matrix. Note also that the suppression by Λν could be
softened if the fermion bilinear has a sizeable anomalous
dimension in the walking window above ΛHC.
(ii) Fermion fundamental partial composite-
ness: Fermion masses in CH models can also be gener-
ated via fundamental Yukawa couplings involving scalars
charged under the confining HC gauge interactions [57,
58]. To implement this mechanism for neutrinos, we
need to extend our underlying model with three Z2–odd
techni-scalars Sν,i with hypercharge Y = +1/2, and
transforming in the same representation as Ψ under GHC.
At the fundamental Lagrangian level the new Yukawa
couplings with the neutrino fields read
yijν αβL
β
L,iSν,jHCΨ
α
2 − yijNS∗ν,iN cR,jψ4 + h.c., (21)
where α, β are SU(2)L indices and the coupling constants
yν,N are 3× 3 matrices in flavour space. Sν,i inherit the
Z2–odd parity via these interactions.
A general operator analysis of the low energy effective
description for this class of theories has been presented
in Ref. [58]. After the techni-fermions and -scalars con-
dense, the content of the low energy theory depends cru-
cially on the mass of the techni-scalars: if MS  ΛHC,
then the scalars can be integrated out before the con-
densation and generate effective four-fermion interactions
like those in Eq. (19); ifMS  ΛHC, at low energies spin-
1/2 resonances made of one scalar and one fermion will
be present, which mix with the neutrino fields, thus gen-
erating fermion partial compositeness. This scenario can,
therefore, be considered as an intermediate case between
ETC-like interactions and partial compositeness.
In the former case, after integrating out the scalars,
the low energy theory will contain the coupling below:
−hijνL,iN cR,jη0 + h.c., (22)
where hij ≡ 4piNCYuk(ΛHC/MS)2yikν ykjN , CYuk is anO(1) non-perturbative coefficient and MS is the mass
of the techni-scalars Sν,i. This approach can easily be
extended to include the masses and mixing of the other
fermions as shown in Ref. [58], and also provide mass for
the top via partial compositeness (however the operators
mixing with the top will necessarily transform as the fun-
damental of SO(6), thus giving different contributions to
the potential that that discussed in the previous section).
(iii) Fermion partial compositeness: Finally, as in
Ref. [14], we can postulate as in that neutrinos – like the
top quark – weakly mix with composite operators Oψa at
some UV scale, ΛUV, in the following manner:
λLaiL
α
L,iO
L
a,α + λ
N
aiNR,iO
N
a + h.c., (23)
where λL,Nai are coupling constants, α is the SU(2)L index
of the fermion doublets, i = 1, 2, 3 is the generation index
of the neutrinos and a = 1, 2, 3 is a flavour index of the
new dynamics. At the condensation scale ΛHC, the op-
erators Oψa are matched to massive spin-1/2 resonances,
which pass the couplings to the pNGBs, including the
Z2-odd doublet η, to the neutrino fields. Schematically,
we will assume that the spin-1/2 masses are equal to
m∗, and their couplings controlled by a single parameter
g∗ ∈ [1, 4pi].
Above ΛHC, the theory flows to a conformal phase
(walking), which is crucial in this class of model in al-
lowing a large enough top Yukawa coupling via partial
compositeness, while keeping the heavy scales ΛUV large
enough to avoid flavour bounds. We will therefore review
how the anomalous dimension of the operators influence
the size of the couplings in Eq. (23). At leading order in
small conformal field theory perturbations between the
scales ΛUV and m∗, the renormalization group evolution
of the couplings λψai is given by [14]
µ
d
dµ
λψai = (∆
ψ
a − 5/2)λψai +O(λ3), (24)
where ∆ψa ≡ ∆[Oψa ] is the definite scaling dimensions of
the operators Oψa . The solution of this RG evolution for
m∗  ΛUV is
λψai(m∗) =
(
m∗
ΛUV
)∆ψa−5/2
λψai(ΛUV) . (25)
7Thus, for ∆ψa > 5/2 the coupling at low energies is
strongly suppressed (corresponding to an irrelevant op-
erator), while for ∆ψa ≤ 5/2 it tends to grow at lower en-
ergies and may reach a non-trivial Infra-Red fixed point.
For the top, one clearly needs large dimensions in order
to achieve large-enough HY couplings. For the neutrino
couplings in Eq. (23), both enhanced and suppressed cou-
plings may be viable, as they will ultimately be connected
to the masses of the right-handed neutrinos N iR. In the
phenomenological analysis, we will, therefore, allow the
neutrino partial compositeness mixing terms to span a
wide range of values, from very suppressed to sizeable.
Effective Yukawa couplings are generated below m∗,
where the spin-1/2 states are integrated out. The hier-
archy of λψai(m∗) will thus translate into a hierarchy of
the Yukawa couplings hij by redefining the elementary
fermions LL,i and NR,i via unitrary rotations,
hij = g∗(Lai)
∗Nbjcab
= g∗
L1 N1 c11 L1 N2 c12 L1 N3 c13L2 N1 c21 L2 N2 c22 L2 N3 c23
L3 
N
1 c31 
L
3 
N
2 c32 
L
3 
N
3 c33
 , (26)
where g∗ is the strong-sector low-energy coupling, 
ψ
i ≡
λψii/g∗ and cab are model-dependent parameters of or-
der unity from the strong dynamics. Therefore, the pa-
rameters ψi inherit the suppression/enhancement from
Eq. (25). These parameters encode a measure of “com-
positeness” of the SM fermions at scales of order m∗, and
without loss of generality they are real, positive and nor-
malised to one in the limit of fully composite fermions.
To generate the operators OLa,α and ONa in Eq. (23)
in our underlying theory, we will introduce three new
techni-fermions χν,a, transforming in the two-index anti-
symmetric representation of GHC = Sp(2N)HC, analo-
gous to the χt fermions added for the top. However, the
χν,a are singlets under the SM gauge interactions. For
concreteness, we will consider, in analogy to the top, the
following four-fermion interactions generated at ΛUV:
yiaν
Λ2ν
Lα†L,i(Ψ
†PαLΨ
∗χ†ν,a) +
yiaN
Λ2ν
N†R,i(Ψ
†PNΨχ†ν,a) + h.c. (27)
For the left-handed neutrinos, the spurions can take ei-
ther the symmetric or the anti-symmetric representation
of the chiral symmetry SU(6):
P 1L,ij =
1√
2
(δi3δj5 ± δi5δj3), P 2L,ij =
1√
2
(δi4δj5 ± δi5δj4),
while for the right-handed neutrinos the spurion trans-
forms as the adjoint representation of SU(6):
PN = ANP
1
N +BNP
2
N + CNP
3
N ,
where
P 1N =
1√
2
Diag(0, 0, 1,−1, 0, 0),
P 2N =
1
2
Diag(0, 0,−1,−1, 1, 1),
P 3N =
1
2
√
3
Diag(−2,−2, 1, 1, 1, 1).
The naive scaling dimension of these operators is ∆ =
9/2 > 5/2, thus the couplings will be suppressed by
(m∗/ΛUV)2, unless a large anomalous dimension is gen-
erated in the walking window.
Below ΛHC, the two operators in Eq. (27) are matched
to resonances with the same quantum numbers, respec-
tively, of the lepton doublets and of the right-handed
neutrinos, which couple to each other via the inert Higgs
doublet η. We will assume, for simplicity, that both
resonances receive a mass m∗ from the strong dynam-
ics, where the mass of the composite singlet can be of
Majorana type. Thus, below m∗, the mixing of the SM
fields with the composite resonances generates the effec-
tive Yukawa couplings
hij =
AN −
√
2BN
16
√
2pi
g∗(Lai)
∗Nbjcab
≡ 3
16
√
2pi
g∗(Lai)
∗Nbjcab.
(28)
Only the combination AN −
√
2BN enters the neutrino
Yukawa, thus to simplify the equations in the last line
we have fixed AN = 1 and BN = −
√
2. We will use this
redefinition in the numerical calculations in Section IV.
D. The masses and mixing of the neutrinos
At the leading order, the model only generates a mass
for the top quark in Eq. (15) (and similarly for the other
charged SM fermions), while neutrinos remain massless.
For the top, we have used a specific set of PC operators,
but the top mass could also be generated by the other
two mechanisms used for neutrinos. Furthermore, be-
sides the Z2–odd doublet, the pNGB spectrum contains
other odd states (i.e. a triplet and a singlet) that mix
with the doublet η components. In particular, mixing
mass matrices M2R and M
2
I in the bases (Reη
0,∆0) and
(Imη0, ϕ0) are generated by the potential. For simplicity,
we will consider here the two lightest eigenstates, Reη˜0
and Imη˜0, with masses mR and mI .
For light right-handed neutrinos, neutrino masses are
generated by the loop in Fig. 1, analog to the one in the
traditional scotogenic model [6]. This situation can be
achieved in all three mechanisms introduced above, as
long as Mi < Λi with Λi ≡ Λν for ETC, Λi ≡ MS for
FPC and Λi ≡ m∗ for the PC-type approach. The loop
8FIG. 2. One-loop Majorana neutrino mass for heavy right-
handed neutrinos in the composite scenarios, with ETC and
FPC mechanisms.
results in the following expression [6]
mijν =
3∑
k=1
hkihkj
(4pi)2
Mk
[
m2R
m2R −M2k
ln
(
m2R
M2k
)
− m
2
I
m2I −M2k
ln
(
m2I
M2k
)]
,
(29)
where we recap the expressions of the neutrino HY cou-
pling constants:
ETC: hij = 4piNA(ΛHC/Λν)2yijν ,
FPC: hij = 4piNCYuk(ΛHC/MS)2yikν y
kj
N ,
PC: hij =
3
16
√
2pi
g∗(Lai)
∗Nbjcab.
(30)
In the PC case, the same expression holds for Mi > m∗,
where integrating our the elementary right-handed neu-
trinos simply generated a correction to the Majorana
mass of the composte singlets. Thus, it suffices to re-
place Mi → m∗ in the above expression. In other words,
for the PC case, m∗ generated by the strong dynamics
acts as a cap for the mass of the state that plays the role
of the right-handed neutrinos.
In the ETC and FPC cases, for Mi  Λi, the right-
handed neutrinos must be integrated out before the the-
ory condenses. This will effectively generate a direct cou-
pling of the left-handed neutrinos with two inert Higgs
doublets, in a form similar to the Weinberg operator.
Thus, the neutrino mass will be generated by the loop in
Fig. 2, and it can be expressed as
mijν =
3∑
k=1
hkihkj
(4pi)2Mk
[
ΛHC
√
m2R + Λ
2
HC+
m2R ln
(
mR
ΛHC +
√
m2R + Λ
2
HC
)]
−
(mR ↔ mI).
(31)
This neutrino mass matrix is diagonalized as
mDiagν = U
T
PMNSmνUPMNS = Diag(m1,m2,m3), (32)
where m1,2,3 are the left-handed neutrino masses. The
matrix UPMNS = UUm is the PMNS matrix where Um =
Diag(1, eiφ1/2, eiφ2/2) encoding the Majorana phases and
the matrix U is parametrized as c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

with the Dirac phase δ. In this paper we assume the Ma-
jorana phases are vanishing (φ1,2 = 0), but it is possible
to add them without large changes of our conclusions.
In the following section we fit to the best-fit experi-
mental values for the mass-squared differences and mix-
ing angles in Ref. [59] which are
∆m231 = 2.528
+0.029
−0.031 × 10−3 eV2, (33)
∆m221 = 7.39
+0.21
−0.20 × 10−5 eV2,
s212 = 0.310
+0.013
−0.012, s
2
13 = 0.02237
+0.00066
−0.00065, s
2
23 = 0.563
+0.018
−0.024,
for normal hieararcy (NH), i.e. m1 < m2 < m3, and
∆m232 = −2.510+0.030−0.031 × 10−3 eV2, (34)
∆m221 = 7.39
+0.21
−0.20 × 10−5 eV2,
s212 = 0.310
+0.013
−0.012, s
2
13 = 0.02259
+0.00065
−0.00065, s
2
23 = 0.565
+0.017
−0.022,
for inverted hiearachy (IH), i.e. m3 < m1 < m2.
So far an upper bound exists on the sum of the neutrino
masses coming from cosmology. The most reliable bound
is from the Planck collaboration [60],∑
i
mi . 0.23 eV. (35)
By using the measurements of ∆m2ij and the upper bound
of the sum of the neutrino masses we obtain a upper
bound on the mass of the lightest neutrino (i = 1 for NH
and i = 3 for IH)
mlightesti . 0.07 eV. (36)
IV. NUMERICAL RESULTS
We are now ready to numerically analyze the Yukawa
couplings, hij in Eqs. (29) and (31), generated in the
concrete composite 2HDM we use here. We will fit the
theoretical expressions to the best-fit experimental values
in Eq. (33) for NH and Eq. (34) for IH. The expressions
for the EW VEV in Eq. (7), the top mass in Eq. (15),
and the SM Higgs mass in Eq. (18) can be fixed to their
observed values [61], and Zm¯ can be eliminated by the
vacuum misalignment condition for θ in Eq. (17) from
the minimization of the effective potential. Here, we rec-
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FIG. 3. Level of degeneracy ∆η of the scalars in the neutrino
mass loop as function of −CLR. The curves correspond to
different values of sθ = 0.1 and 0.01, and for different choices
of the techni-fermion masses: democratic m1 = m2 = m3,
and m3 = 0. The degeneracy shows a mild dependence on
the tchni-fermion masses.
ollected the expressions:
vEW = 2
√
2fsθ ≈ 246 GeV,
m2h =
1
512pi2
[
(1 + 3c2θ)CLLy
4
L − CLRy2Ly2R
− 8pi2Cg g˜2
]
v2EW ≈ (125 GeV)2,
mt =
Ctv
8
√
2pi
yLyR ≈ 173 GeV,
Zm¯ = −
(
8pi2Cg g˜
2 + 2CLLy
4
Ls
2
θ + CLRy
2
Ly
2
R
)
fcθ
64pi3
,
(37)
which allow us to eliminate 4 free parameters (for in-
stance, Zm¯, yL, yR and f). Without loss of generality,
we can reabsorb the two form-factors CLL and CR in the
yL/R an eliminate them from the equations (CLL = CR =
1). Finally, to simplify the analysis, we fix to unity the
remaining form factors, i.e. Ct = Cg = −CLR = 1, and
fix sθ = 0.1 (f = 870 GeV), so that the only free pa-
rameters are the HY coupling constants, hij . The latter
choice should be considered as a benchmark point for the
model.
Before discussing the values of neutrino masses, we
need to explore how degenerate are the two mass eigen-
states Reη˜0 and Imη˜0: for this purpose, we define ∆η ≡
(mR −mI)/mI . We recall that ∆η = 0 corresponds to
vanishing neutrino masses, so that a small mass split in-
duces a further suppression on top of the loop. We thus
open up the parameter space of the model by allowing
CLR and sθ to vary: in Fig. 3 we show its dependence
on −CLR for two values of sθ. The high level of degen-
eracy in the masses results in reduced neutrino masses
from loop effects in Eq. (29) (Mi < Λi) or in Eq. (31)
(Mi  Λi). Above a certain value of −CLR, ∆η becomes
complex due to the instability of the vacuum. The mass
degeneracy is enhanced close to the boundary of the in-
stability (thus requiring fine tuning to keep it stable),
while it remains constant well below. Thus, we consider
reasonable to fix −CLR = 1 for simplicity, like in our
benchmark. It should also be noted that reducing sθ
also increases the degeneracy: we could obtain the cor-
rect neutrino masses for order unity hij and right-handed
neutrino masses at the TeV scale with sθ ≈ 10−5. This
small value of the misalignment angle, however, requires
a strong fine tuning in the potential generated by the top
loops.
In Figs 4 and 5, valid for the neutrino masses in
Eqs (29) and (31) respectively, we show allowed values
of the neutrino HY couplings in terms of max(|h|) versus
min(|h|) for various values of the degenerate right-handed
neutrino masses, Mi ≡ M1 = M2 = M3, where h ≡ hij
are the neutrino HY coupling constants. For both figures,
in the upper (lower) panel, the mass of the lightest neu-
trino is fixed to 0.01 eV (10−7 eV) for both NH and IH.
Firstly, the difference between the values of max(|h|) and
min(|h|) are decreasing for increasing mass of the lightest
neutrino. Therefore, we have chosen m1 = 0.01 eV in the
following. Secondly, the order of magnitude of the HY
coupling constants are increasing for increasingMi above
Mi ∼ 103 GeV or decreasing Mi below Mi ∼ 103 GeV.
Finally, by setting m3 = 0 does not change much of the
above conclusions.
In the following, we provide some numerical examples
for the neutrino Yukawas, for the three approaches
considered in Section III C. In these examples, we will
consider the case without a CP violating Dirac phase,
δ = 0. Generally, if δ 6= 0, the following results do not
change significantly except that almost all HY coupling
constants are complex. For simplicity, we will also
consider the NH case only, because the IH case leads to
the similar conclusions.
(i) ETC-type four-fermion operators: By assum-
ing Λν = 50 TeV ∼ 5ΛHC and Mi = 1015 GeV, then for
N = 2 and A ∼ O(1) in Eq. (20) there exists one posi-
tive, real solution of the four-fermion coupling constants
yijν in Eq. (19) with maximal number of zeros by using
Eq. (31) for Mi  Λν :
yijν =
1.66 0.36 0.340 2.14 1.66
0 0 2.98
 . (38)
Another possibility could be to fix |yijν | = O(1) by
increasing the UV scale Λν in Eq. (19) instead of Mi as
shown in Fig. 6. For example if we have Mi = 1000
GeV and Λν = 1.5 × 107 GeV, then we use Eq. (29) for
Mi < Λν to calculate the one positive, real solution of
the Yukawa couplings with maximal number of zeros:
yijν =
1.26 0.27 0.260 1.62 1.26
0 0 2.26
 . (39)
(ii) Fermion fundamental partial composite-
ness: By assuming MS = 50 TeV ∼ 5ΛHC, Mi = 1015
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FIG. 4. Case Mi < Λi: Allowed points in terms of max(|h|)
versus min(|h|) for various Mi ≡ M1 = M2 = M3 values.
The loop-induced neutrino masses are from Eq. (29). The
dashed line corresponds to maximally anarchic HY matrix,
i.e. max(|h|) = min(|h|). In the upper (lower) panel, the
mass of the lightest neutrino is 0.01 eV (10−7 eV) for both
NH and IH.
GeV, and the Yukawa couplings yijν ≡ yijN in Eq. (21) the
one positive, real solution of the Yukawa couplings is
yijν ≡ yijN =
1.29 0.13 0.090 1.46 0.52
0 0 1.73
 , (40)
where we have used Eq. (31) for Mi MS .
In this approach, we also have another possibility,
where we fix |yijL,N | = O(1) by adjusting MS instead of
Mi. We can consider a similar example as in the ETC-
type approach with Mi = 1000 GeV and Λν = 1.5× 107
GeV. In this case, there is one positive, real solution of
the Yukawa couplings with maximal zeros:
yijν ≡ yijN =
1.12 0.11 0.080 1.27 0.45
0 0 1.50
 , (41)
where we have used Eq. (29) for Mi < MS .
(iii) Fermion partial compositeness: We assume
Mi = 1000 GeV and ΛUV = 100 TeV in Eq. (28). One of
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FIG. 5. Case Mi > Λi: Same as Fig. 4, for the loop-induced
neutrino mass in Eq. (31).
the positive, real solutions of the Yukawa couplings, hij ,
leads to the following specific hierarchy of ψi in Eq. (28)
given by
L1 = 0.31, 
L
2 = 1.70, 
L
3 = 1.04,
N1 = 0.27, 
N
2 = 1.48, 
N
3 = 0.90,
(42)
where the strong-sector low-energy coupling g∗ = 1.00
and cab ∼ O(1). By adding similar terms as in Eq. (23)
including the charged SM fermions already added for
the top quark in Eq. (11), we can estimate the values of
ψa for the charged SM fermions. These values are shown
in Table 1 in Ref. [14]. All these values of ψa give rise to
the observed SM fermion masses and mixing.
In the three approaches, the operators that generate
the neutrino masses and mixing also give rise to con-
tributions in the misalignment potential, similar to the
terms in Eqs (13) and (16) from the top PC operators
in Eq. (11). These extra potential contributions induce
a dependence of the masses mR,I on hij . However, for
large Mi  ΛHC (for Mi ∼ ΛHC) the extra potential
contributions from both ETC and FPC-type approach
are proportional to ΛHC/Mi ((hij)2), while for PC-type
approach the y2N term (similar to the y
2
R term in the top
PC) is also proportional to ΛHC/Mi ((hij)2) and the y4N
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FIG. 6. The Yukawa couplings |h| for varying UV scale Λν in
Eq. (19) for sθ = 0.01, 0.10, 0.20. The dashed line represents
the upper limit for perturbative couplings, |h| . √4pi.
terms (ΛHC/Mi)2 ((hij)4). These contributions to the
masses mR,I are negligible, because either Mi are very
large compared to ΛHC or hij are very small. The simi-
lar y2ν term to the y2L term from the top PC is not allowed
if the left-handed neutrinos are in the symmetric repre-
sentation of the chiral group SU(6). Finally, the y4ν terms
for the PC-type approach are suppressed by (hij)4, when
Mi ∼ ΛHC, but they are not suppressed by large Mi.
However, they have negligible effects on the masses mR,I
even forMi  ΛHC, which we have included in the above
calculations.
V. EXPERIMENTAL CONSTRAINTS
In the following we discuss the experimental con-
straints of this model.
Lepton flavour violating (LFV) processes: LFV
decay processes occur at one-loop level from exchange of
NR,k and η˜±, where the field η˜± is the mass eigenstate of
the mass matrix M2± in the basis (η±,∆±) consisting of
mostly η±. We will include the experimental constraints
from the LFV decays lα → lβ + γ and lα → lβ + l¯β + lβ .
The branching ratio for lα → lβ + γ is given by [63]
Br(lα → lβ + γ) = 3αEMv
4
EW
32pim4η˜±
∣∣∣∣∣
3∑
k=1
h∗βkhαkF (M
2
k/m
2
η˜±)
∣∣∣∣∣
2
,
where αEM = e2/4pi is the electromagnetic fine struc-
ture constant and F (x) = (1 − 6x + 3x2 + 2x3 −
6x2 log x)/6(1 − x)4. The expression of the branching
ratio for lα → lβ + l¯β + lβ is given in Ref. [63]. In
Fig. 7, we show the branching ratio for the LFV decay
process µ → e+ γ in our model, as a function of Mi for
m3 = m2 = m1 and sθ = 0.1. The black and dashed
lines represent the present bound [64] and the future
sensitivity [65], respectively. We see that only very small
masses for the right-handed neutrinos are disfavoured,
-� � � �� ��-��
-��
-��
-��
-��
-��
������� [���]
���
��(��
(μ→�γ
))
FIG. 7. Br(µ → eγ) as a function of Mi for m3 = m2 =
m1 and sθ = 0.1. The black and dashed lines represent the
present bound [64] and the future sensitivity [65], respectively.
The various colors of the points represent the same values of
Mi as in Figs 4 and 5.
giving a lower bound Mi & 10−6 GeV, while the other
LFV decay processes lα → lβ + γ and lα → lβ + l¯β + lβ
give weaker constraints.
The ratio Rγγ and RγZ : The particle
η˜± modifies the value of the branching ratio
Br(h → γγ) at loop level. The combined results
from CMS and ATLAS collaborations on the ratio
Rγγ ≡ Br(h → γγ)/Br(h → γγ)SM = 1.09 ± 0.12 [66]
while the ratio RγZ is not measured yet. The expressions
for Rγγ and RγZ are given in Ref. [67]. This gives rise
to no constraint on the vacuum alignment angle sθ for
m3 = m2 = m1 and a constraint sθ . 0.95 for m3 = 0
from the measurements of Rγγ . This is much weaker
than the constraint from the electroweak precision tests.
The electroweak precision tests: The contribu-
tions from the Higgs loops in this model to the elec-
troweak precision parameters (EWPTs) S and T are [9]
∆S =
1
6pi
[
(1− c2θ) ln
ΛHC
mh
+NDs
2
θ
]
, (43)
∆T = − 3
8pic2θW
[
(1− c2θ) ln
ΛHC
mh
]
, (44)
where ND is the number of techni-fermion doublets.
The bounds from the EWPTs are S = 0.06 ± 0.09 and
T = 0.10 ± 0.07 for U = 0 with correlation 0.91 [68].
These bounds results only in an upper bound on sθ.
The upper bound on sθ for GHC = SU(2)HC and
GHC = Sp(4)HC with two techni-fermion doublets as
in the concrete SU(6)/Sp(6) model are sθ < 0.24 and
sθ < 0.20, respectively.
Gauge boson decay widths: Finally, the following
conditions should be fulfilled to keep the W and Z gauge
12
boson decay modes unmodified:
mR +mI >mZ , mη˜± +mR > mW ,
mη˜± +mI >mW , 2mη˜± > mZ ,
These conditions have been successfully met in this
model, because the masses mR,I and mη˜± are all about
1.1 TeV for sθ = 0.1 even for the maximum value of sθ
from the EW precision tests they are met.
Dark matter relic density: The lightest Z2-odd
particle in the particle spectrum can become the DM
candidate which in this model is either in the form of
the lightest RH neutrino or the lightest Z2-odd compos-
ite scalar particle. According to the latest data from the
Planck satellite in Ref. [60], DM accounts for around 26%
of our Universe mass budget at present. The density pa-
rameter of DM is [60]
ΩDMh
2 = 0.1186± 0.0020. (45)
Initially, we consider the lightest right-handed neu-
trino as the DM candidate, assuming NR,1, which may be
lighter than the lightest Z2-odd composite scalar, namely
the mass eigenstate ϕ˜0 of the mass matrix M2I in the ba-
sis (Imη0, ϕ0) consisting mostly of ϕ0. In this case, the
mass of NR,1 may be lighter than mϕ˜0 = 661 GeV for
sθ = 0.1.
Firstly, we consider this candidate as cold dark matter
(CDM). The relic density of CDM depends on the ther-
mally averaged cross section 〈σeff |vrel|〉. In this model,
the thermally averaged cross section is computed from
annihilations of the lightest right-handed neutrino into
the left-handed neutrinos and charged leptons via t-
channel diagrams mediated by the members of the com-
posite Z2-odd doublet, and can be written as 〈σeff |vrel|〉 =
aeff + 6beff/x, where [69]
aeff =
1
16pi
M21
(M21 +m
2
0)
2
∑
ij
(hi1hj2 − hi2hj1)2,
beff =
1
16pi
M21
(M21 +m
2
0)
2
m40 − 3m20M21 −M41
3(M21 +m
2
0)
2∑
ij
(hi1hj2 − hi2hj1)2 + 1
48pi
M21 (M
4
1 +m
4
0)
(M21 +m
2
0)
4∑
ij
(hi1hj1 + hi2hj2)2
with m0 ≡ (mR + mI)/2. The relic abundance of CDM
can be estimated by [69]
ΩN1h
2 =
107× 109xf
g
1/2
∗ mP (GeV)(aeff + 3beff)/xf
, (46)
where mP = 1.22×1019 GeV, g∗ = 106.75, the freeze-out
parameter is
xf ≡ M1
Tf
= ln
[
0.038geffmPM1〈σeff |vrel|〉
g
1/2
∗ x
1/2
f
]
, (47)
and
geff =
3∑
i=1
gNR,i(1 + ∆i)
3/2e−∆ix
with ∆i = (Mi −M1)/M1 depicting the mass splitting
ratio of NR,i, and gNR,i are the number of degrees of
freedom of NR,i. If one of the right-handed neutrinos
is CDM candidate, then it is overproduced for all pos-
sible masses compared to the DM abundance given by
Eq. (45). It is the smallness of the Yukawa couplings hij
in this mass range of Mi shown in Figs 4 and 5 that re-
sults in a small annihilation cross section, and therefore
too much relic density of DM. As mention in Section IV,
we can obtain hij = O(1) by tuning the vacuum misalign-
ment angle down to sθ ∼ 10−5, but this leads to heavier
composite particles, where we have approximately that
m0 ∼ 100/sθ GeV (m0 ∼ 107 GeV for sθ ∼ 10−5). This
results again in a small annihilation cross section and an
overproduction of DM even for M1 ∼ m0.
Secondly, we consider the lightest NR,i is light enough
to be hot DM. The relic abundance of such species can
be calculated simply by following the standard prescrip-
tion given by Kolb and Turner in Ref. [70], the present
abundance of NR,1 as hot DM can be written as
ΩNR,1h
2 = 57.3
gNR,1
g∗S(xf )
M1
keV
, (48)
where gNR,1 is the number of degrees of freedom of NR,1
and g∗S(xf ) represents the number of relativistic entropy
degrees of freedom at the epoch of NR,1 decoupling xf .
If NR,1 should play the role as hot DM then its mass
should be
0.01 keV < M1 < 0.11 keV, (49)
because the value of g∗S(xf ) is in the range from 10.75
if NR,1 decouples after the QCD phase transition to 107
if the decoupling occurs above the EWSB scale. If the
massM1 is larger than the upper limit then there will be
an overproduction of DM. This kind of DM is not viable
either because they do not meet the constraints by the
LFV processes in Fig. 7 which requiresMi & 1 keV for the
maximum value of sθ. For smaller sθ, the constraints of
the LFV processes in Eq. (43) are even stronger, and thus
the lower limit of Mi is larger. Therefore, the masses of
NR,i may be heavier than the lightest Z2-odd composite
scalar to avoid overproduction of DM.
Thus, the last possibility for a DM candidate in this
model can be the lightest Z2-odd composite scalar. This
possibility has been investigated in Refs. [30, 31]. In
Ref. [31], it has been shown that the lightest of the Z2-
odd composite scalars may provide the correct DM relic
density via non-thermal asymmetric production.
VI. CONCLUSIONS
We have presented a novel mechanism to generate
small neutrino masses in composite Higgs models. The
13
mechanism, similar in nature to the scotogenic models,
naturally features two suppression mechanisms: neutrino
masses are loop generated via the coupling to Z2–odd
composite pNGBs; the near-degeneracy of the pNGBs
results in a further suppression. Thus, even for sizeable
couplings to the composite sector, neutrinos can obtain
small enough masses. This mechanism can also be fea-
tured in a wide variety of other models based on vacuum
misalignment.
We have considered an SU(6)/Sp(6) CH template,
which naturally features two composite Higgs doublets,
one of which can be made inert. In this template model,
we have investigated three different approaches to gener-
ate the neutrino Yukawa couplings: (i) ETC-type four-
fermion operators, (ii) “Fundamental Partial Composite-
ness”, and (iii) “Partial Compositeness”. These three ap-
proaches can give rise to Yukawa coupling constants of
order unity for masses of the right-handed neutrinos in
the mass range from the lightest Z2-odd composite parti-
cle (∼TeV scale for sθ = 0.1) up to the Planck scale (how-
ever only∼ 1018 GeV for sθ = 0.1). Therefore, these scale
limits depend on the vacuum misalignment angle θ. The
lower limit originates from the Dark Matter relic density:
we have demonstrated that the right-handed neutrinos
will result in overproduction in the Universe if they are
lighter than the Z2–odd composite scalars. The upper
bound originates from the upper limit for the perturba-
tive couplings, |h| . √4pi. Finally, we have checked vari-
ous experimental constraints for these three approaches,
showing that no strong constraints arise (except for the
DM one). When the lightest of the Z2-odd state is a
composite scalars, it can provide the correct relic density
either by the usual thermal freeze-out or as a non-thermal
asymmetric relic, as shown in Ref. [31].
The composite scotogenic mechanism, therefore, can
provide a natural explanation of the lightness of neutrinos
in various models based on vacuum misalignment for the
electroweak symmetry breaking, while also featuring a
composite Dark Matter candidate.
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